INTRODUCTION
============

After experiencing a spinal cord injury (SCI), ventilator dependence is the main respiratory limitation patients encounter \[[@b1-arm-2018-42-3-457]\]. Especially in those who experience cervical cord injury, the level of neurological injury as it affects diaphragm function has an impact on this complication. In particular, when the diaphragm is innervated by the phrenic nerve at the C4, with contribution commonly seen from C3 and C5 \[[@b2-arm-2018-42-3-457]\], leading to diaphragm paralysis.

Approximately two-thirds of patients with acute SCI will experience respiratory complications requiring mechanical ventilation \[[@b3-arm-2018-42-3-457]\]. Among patients with high cervical cord injuries (C1 to C4), the incidence of ventilator dependence has finally been reported to be down to 40% \[[@b4-arm-2018-42-3-457]\]. As there are no definite cures for this type of paralysis; therefore, long-term mechanical ventilator use is inevitable. This can lead to various respiratory complications, which are the leading causes of death in patients with cervical cord injuries \[[@b5-arm-2018-42-3-457]\]. Thus, several previous studies of cervical cord injury patients have evaluated possible predictors for ventilator weaning. Oo et al. \[[@b6-arm-2018-42-3-457]\] demonstrated that patients with C1 to C4 SCI, intact diaphragms, and forced vital capacity (FVC) of at least 17 mL/kg were able to be weaned from the ventilator.

Since the diaphragm is the main major muscle involved in inspiration \[[@b7-arm-2018-42-3-457]\], Chiodo et al. \[[@b8-arm-2018-42-3-457]\] made a retrospective review of SCI patients with involvement from C2 to C6 and predicted that patients without motor unit recruitment of the hemidiaphragm or a moderate decrease in the recruitment of both diaphragms using needle electromyography (EMG) would be unable to be weaned off the ventilator. Diaphragm function can be examined using various tests. Fluoroscopy-based approaches are mainly used to examine diaphragm movement \[[@b8-arm-2018-42-3-457]\]. Diaphragmatic fluoroscopy provides a bilateral view of the diaphragm and assesses not only the qualitative features of the movement of the diaphragm but the quantitative features. In addition, diaphragmatic fluoroscopy can easily determine the presence of malformation and of diaphragm paralysis \[[@b9-arm-2018-42-3-457]\].

These major respiratory impairments are associated with interruptions of the descending bulbospinal respiratory pathway. Wicks and Menter \[[@b10-arm-2018-42-3-457]\] demonstrated that the level of patients' injuries influenced the rate of ventilator weaning. However, the relationship between diaphragm movement and the motor and sensory functions around the injured segment has not been investigated \[[@b11-arm-2018-42-3-457],[@b12-arm-2018-42-3-457]\].

The specific objectives of the study were (1) to analyze the respiratory function of high cervical cord injuries according to ventilator dependence and (2) to examine the correlations between diaphragm movement found on fluoroscopy and sensory and motor functions evaluated through physical examinations, which can be relatively easily conducted at bedside by rehabilitation physicians.

MATERIALS AND METHODS
=====================

A total of 67 patients with high cervical SCI (56 male and 11 female; average age, 56.6±15.9 years) who had been admitted to our hospital were enrolled in the study. Inclusion criteria were SCI patients with a neurologic level of injury of C2 to C5 by the American Spinal Injury Association (ASIA) standard, with or without ventilator care at the time of transfer to the Department of Rehabilitation from March 2013 to January 2017.

Patients with any of the following characteristics during their hospital stay were excluded from the study: hemodynamic instability, a cognitive impairment or sedative state, or a spinal shock state. All patients provided written informed consent prior to inclusion in the study. The study was approved by the Pusan National University Hospital Institutional Review Board (IRB No. 1710-008-060).

A fluoroscopic diaphragm test was conducted on all patients. Bedside spirometry and experience of ventilator weaning were also evaluated in order to analyze the respiratory function of high cervical cord injury according to ventilator dependence. For each patient, a physical exam, a fluoroscopic examination, and bedside spirometry were attempted from the time they were transferred to the rehabilitation department, and ventilator weaning was attempted to discharge day. After confirming the statistical significance between the fluoroscopic diaphragm test results and those of the bedside motor/sensory examination, we assessed whether a motor/sensory examination can predict diaphragm movement, that is, respiratory function.

Bedside physical examination
----------------------------

While each patient was in the supine position, rehabilitation doctors performed sensory and motor examinations under supervision. Patients were scored bilaterally according to the ASIA standard.

Regarding the C5 key muscle, three points were given for lifting against gravity, which was used as a cut-off to categorize patients into two groups. One group of patients scored 3 to 5 points, and the other scored zero to 2 points in C5 key muscle. With respect to the performances on the pin-prick test and light touch test, a score of 2 points was regarded as normal. Scores of zero to 1 point were regarded as indicating sensory impairment. The correlation with the ipsilateral diaphragm movement was examined using categorical variables.

Fluoroscopic examination
------------------------

The patients were transported to a fluoroscopy room in the hospital on the same day as the physical examination, and a fluoroscopic diaphragm movement study was performed using a Toshiba Ultimax-i DREX-UI80 (Toshiba America Medical System Inc., Tustin, CA, USA). During the examination, 10 minutes after the ventilator was turned off, each patient was instructed to take three natural, deep breaths while in the supine position, and the maximum movement of the diaphragm was recorded ([Fig. 1](#f1-arm-2018-42-3-457){ref-type="fig"}). In each phase of the test, the charge doctor watched the patients with care and told each to breathe without any effort or to breathe with maximum effort.

Bedside spirometry
------------------

To investigate the link between diaphragm movement and the respiratory function test, a bedside spirometry (COSMED, Rome, Italy) was conducted by a trained physical therapist who had received an education in the administration of the pulmonary function test, which is used to measure tidal volume (TV), force vital capacity (FVC), and maximal inspiratory pressure (MIP). TV refers to the lung volume, or the normal volume of air displaced between normal inhalation and exhalation. FVC is maximum amount of air a person can expel from the lungs after a maximum inhalation. MIP is the maximum pressure that can be generated against an occluded airway, an important and noninvasive index of diaphragm strength. The spirometry was repeated three times while the patient was in the supine position.

Statistical analysis
--------------------

The quantitative traits were analyzed using a Wilcoxon rank-sum test, t-test, and linear regression, as appropriate. The p-values less than 0.05 were defined as statistically significant. Pearson correlation coefficient between diaphragm movement and bedside spirometry was calculated. All data were analyzed using IBM SPSS version 22 (IBM, Armonk, NY, USA).

RESULTS
=======

Number and characteristics of patients, including sex, age, neurologic level of injury, and completeness (motor complete, A and B; motor incomplete, C and D), days from injury and ventilator weaning based on whether the patient was finally weaned from the ventilator are shown in [Tables 1](#t1-arm-2018-42-3-457){ref-type="table"} and [2](#t2-arm-2018-42-3-457){ref-type="table"}. As shown in [Table 2](#t2-arm-2018-42-3-457){ref-type="table"}, neurologic level of injury and motor completeness were not predictive factors for ventilator weaning at the time of discharge, and average of length of stay was 90.11±142.79 days in ventilator weaned group and 133.67±209.34 days in the group not weaned from the ventilator. Results of bedside spirometry and diaphragm fluoroscopic tests are shown in [Table 3](#t3-arm-2018-42-3-457){ref-type="table"}. FVC in the ventilator weaned and not weaned group were 2.68±6.99 L and 1.13±0.83 L, respectively, with statistical significance. MIP in the ventilator weaned and not weaned group were 50.02±43.13 cmH~2~O and 30.90±33.72 cmH~2~O, respectively, with statistical significance. Natural breathing during the fluoroscopic diaphragm examination and ventilator weaning showed a statistical significance with movement on the right, while deep breathing showed statistical significance with movement on both sides.

There was significantly more diaphragm movement during deep breathing in the group of patients with a score greater than three on the manual muscle test for the C5 key muscle, compared with the group of patients scoring less than 3 ([Table 4](#t4-arm-2018-42-3-457){ref-type="table"}). There was significantly more diaphragm movement during deep breathing in the group of patients with intact right C3 and bilateral C4 sensory functions based on the pin-prick test. Only the right C4 dermatome was significant for the light touch test ([Table 5](#t5-arm-2018-42-3-457){ref-type="table"}).

DISCUSSION
==========

In our study, the neurological level of injury and motor completeness of injury had no significant correlation with patients' ventilator weaning at the point of discharge. We demonstrated that the extent of diaphragm movement during deep breathing, as assessed via fluoroscopic examination, effectively assesses pulmonary function in patients with high SCI, and this was significantly correlated with patients' ventilator weaning. In addition, diaphragm movement significantly increased in the group of patients with a motor function score greater than 3 points in the C5 key muscle and more than 2 points in the C4 dermatome pin-prick test. As fluoroscopic diaphragm examination is not routinely performed in all hospitals, a simple bedside examination could be an effective tool used to predict diaphragm movement and respiratory function recovery.

Predicting patient prognosis and appropriate pulmonary management are very important when treating patients who have experienced cervical SCI. Scanlon et al. \[[@b13-arm-2018-42-3-457]\] described that lung function reduction or decreased lung compliance occurs within a month of injury and does not change during the year thereafter. A paradoxical response of the diaphragm (i.e., inward movement of upper anterior rib cage during inspiration) is caused by the distortion of the respiratory system. This leads to respiratory muscle fatigue and various pulmonary complications during an acute phase \[[@b14-arm-2018-42-3-457],[@b15-arm-2018-42-3-457]\]. Accordingly, after acute SCI it is critical to predict the recovery of pulmonary function and determine an appropriate approach to respiratory rehabilitation while the patient is maintained on a ventilator or after he or she is weaned off the ventilator. It is meaningful to monitor motor recovery relevant to pulmonary function recovery, since pulmonary function is highly associated with the timing of a recovery from muscle flaccidity \[[@b2-arm-2018-42-3-457]\]. However, early predictors of ventilator dependency after high cervical cord injury have not been clearly established; therefore, we tried to describe the association between pulmonary function and physical examination in our study.

In our study, exact diaphragm movement was assessed by a fluoroscopic diaphragm examination. The fluoroscopic diaphragm examination during deep breathing was significantly correlated with ventilator weaning and bedside spirometry parameters to assess diaphragm movement and strength. There are several methods to evaluate diaphragm movement, including ultrasonography, sonomicrometry, EMG, nuclear magnetic resonance, and video fluoroscopy \[[@b9-arm-2018-42-3-457],[@b16-arm-2018-42-3-457]-[@b18-arm-2018-42-3-457]\]. The fluoroscopic diaphragm examination allows for the visualization of the entire hemi-cupula during breathing and is capable of providing a qualitative evaluation of diaphragm movement \[[@b19-arm-2018-42-3-457]\]. Chiodo et al. \[[@b8-arm-2018-42-3-457]\] argued against using a fluoroscopic diaphragm examination as a predictor of ventilator weaning. However, their study only assessed whether there was diaphragm movement and made no quantitative assessment of movement as we did in the present study. Therefore, it is difficult for us to consider that their assessment was accurate. A fluoroscopic diaphragm examination during deep breathing is very simple to perform and can objectively assess diaphragm movement, and it is an accurate method for predicting ventilator weaning.

It is well known that the incidence of respiratory complications depends on the neurologic level of patients' injuries \[[@b16-arm-2018-42-3-457],[@b17-arm-2018-42-3-457]\]. But on the ASIA examination, anterior horn cell damage cannot be evaluated through an examination of the standard motor function above C5. A motor strength test performed in the most adjacent area or through a sensory evaluation at C3 or C4 can provide an indirect assessment. In the present study, we performed a motor examination at C5, which is most adjacent to the phrenic motor neurons. And we preformed sensory examinations above C5 and measured diaphragm movement innervated by C3, C4, and C5. Our findings show that whether or not motor and sensory functions are intact is significantly associated with diaphragm movement.

Cervical cord injuries disrupts the descending corticospinal tract originating in the cerebral cortex and bulbospinal respiratory pathway, which is the respiratory pathway from brainstem to the phrenic motor neuron located at ventral horn of the cervical spinal cord (C3--C5) responsible for voluntary and automatic breathing control \[[@b18-arm-2018-42-3-457],[@b19-arm-2018-42-3-457]\]. Taking into consideration the contiguity of both neural pathways, determining intact adjacent C5 motor function is believed to be useful in indirectly evaluating whether respiratory function is intact. Indeed, our results showed that the patient group with intact C5 motor function had significantly more movement of the diaphragm. In addition, it can be assumed that diaphragm movement would have a stronger association with intact performance on pin-prick tests, compared with the light touch test, due to the proximity of the spinothalamic and corticospinal tracts. The present study confirmed that diaphragm movement is associated with better performance on the pin-prick test than on the light touch test at more levels.

Based on the results of data analysis, three patients with neurologic injuries at the C5 level did not experience ventilator weaning, of whom two were initially assessed as having neurologic injury level at C4, which improved to C5. All three patients were older than 70 years. No additional factors were identified to prevent ventilator weaning; thus, despite the patients having C5-level injuries, old age may have been an influencing factor.

In our study, the variation of diaphragm movement between groups and statistical significance of the right side were more dominant than on the left side. It is well known that there is an obvious postural effect on the diaphragm movement after cervical cord injury \[[@b20-arm-2018-42-3-457],[@b21-arm-2018-42-3-457]\]. It is believed that a patient's abdominal contents play a key role in diaphragmatic movement in the supine position as the diaphragm is aided by the weight of the abdominal contents \[[@b22-arm-2018-42-3-457]\]. This can be understood as similar to the important role the liver plays in diaphragmatic movement on the right side. And the right side showed much greater mobility during deep breathing than the left side. Therefore, the difference value of diaphragm movement between motor/sensory intact or impaired groups was greater on the right side, where it was more statistically significant than the left side.

There are several limitations that need to be considered in our study. First, the number of the patients is somewhat insufficient to generalize our result. However, it was meaningful to assess prospective pulmonary functions of above 60 high SCI patients. Second, the study design was cross-sectional and the times of examination of the patients were not unified. Third, the possibility of ventilator weaning was evaluated at the time the patient was discharged, which was not identical for each patient. Further longitudinal data to assess the significance of a physical examination and fluoroscopic diaphragm movement at equally spaced time intervals would complement our study.

In conclusion, the present study showed that rehabilitation physicians could relatively easily predict diaphragm movement and respiratory function recovery through simple bedside physical examinations, which showed significance with ventilator weaning in patients with high cervical SCI. Especially, the motor point on C5 myotome and the sensory point on C4 dermatome had significant correlation with fluoroscopic diaphragm movement, which helped to predict ventilator weaning. Also, these simple bedside physical examinations could determine the need for additional tests to evaluate respiratory function. Ultimately, the bedside physical examinations could provide a potential predictor to medical staff who are considering a plan to wean a patient with high cervical SCI from a ventilator or remove a T-cannula according to the patient's pulmonary function recovery.
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###### 

Demographic and clinical data of the patients

                                     Ventilator weaned   Ventilator not weaned   Total          p-value
  ---------------------------------- ------------------- ----------------------- -------------- -----------------------------------------------------------
  Number of patients                 46 (68.7)           21 (31.3)               67 (100)       0.84
   Men                               40 (59.8)           16 (23.8)               56 (83.6)      
   Women                             6 (9.0)             5 (7.4)                 11 (16.4)      
  Age (yr)                           55.2±15.8           59.7±16.4               56.6±15.9      0.12
  Evaluation day from injury (day)   26.68±128.91        56.80±142.39            36.98±152.28   0.001^[\*](#tfn1-arm-2018-42-3-457){ref-type="table-fn"}^
  Length of stay (day)               90.11±142.79        133.67±209.34           99.45±161.26   
  Ventilator weaning (day)           17.54±77.11         \-                      \-             

Values are presented as number (%) or mean±standard deviation.

p\<0.05.

###### 

Correlation between neurologic level of injury and ventilator weaning

                                                  Ventilator weaned   Ventilator not weaned   Total      p-value
  ---------------------------- ------------------ ------------------- ----------------------- ---------- ---------
  ASIA impairment scale                                                                                  0.64
   A                           Motor complete     20 (76.9)           6 (23.1)                26 (100)   
   B                           Motor complete     4 (50)              4 (50)                  8 (100)    
   C                           Motor incomplete   14 (66.7)           7 (33.3)                21 (100)   
   D                           Motor incomplete   8 (66.7)            4 (33.3)                12 (100)   
  Neurologic level of injury                                                                             0.07
   C2                          Motor complete     0 (0)               1 (100)                 1 (100)    
                               Motor incomplete   4 (66.67)           2 (33.33)               6 (100)    
   C3                          Motor complete     9 (81.82)           2 (18.18)               11 (100)   
                               Motor incomplete   4 (80)              1 (20)                  5 (100)    
   C4                          Motor complete     14 (77.78)          4 (22.22)               18 (100)   
                               Motor incomplete   9 (52.94)           8 (47.06)               17 (100)   
   C5                          Motor complete     1 (25)              3 (75)                  4 (100)    
                               Motor incomplete   5 (100)             0 (0)                   5 (100)    

Values are presented as number (%).

ASIA, American Spinal Injury Association.

###### 

Bedside spirometry and diaphragm test of the patients

                             Ventilator weaned   Ventilator not weaned   p-value
  -------------------------- ------------------- ----------------------- -----------------------------------------------------------
  Bedside spirometer                                                     
   TV (L)                    1.64±2.36           0.69±1.20               0.31
   FVC (L)                   2.68±6.99           1.13±0.83               0.002^[\*](#tfn2-arm-2018-42-3-457){ref-type="table-fn"}^
   MIP (cmH~2~O)             50.02±43.13         30.90±33.72             0.001^[\*](#tfn2-arm-2018-42-3-457){ref-type="table-fn"}^
  Diaphragm test                                                         
   Right natural breathing   3.00±1.84           1.59±0.81               0.005^[\*](#tfn2-arm-2018-42-3-457){ref-type="table-fn"}^
   Left deep breathing       4.79±1.99           3.13±1.77               0.011^[\*](#tfn2-arm-2018-42-3-457){ref-type="table-fn"}^
   Right deep breathing      5.13±2.34           2.91±1.93               0.003^[\*](#tfn2-arm-2018-42-3-457){ref-type="table-fn"}^

Values are presented as mean±2 standard deviation.

TV, tidal volume; FVC, forced vital capacity; MIP, maximal inspiratory pressure.

p\<0.05.

###### 

Correlation between C5 key muscle strength and diaphragm movement during deep breathing

                Diaphragm movement (cm)                                                                         
  ------------- ------------------------- ----------------------------------------------------------- --------- -----------------------------------------------------------
  C5 motor                                0.002^[\*](#tfn3-arm-2018-42-3-457){ref-type="table-fn"}^             0.002^[\*](#tfn3-arm-2018-42-3-457){ref-type="table-fn"}^
   ≥3 (n=29)    6.3±0.8                                                                               5.1±1.6   
   \<3 (n=38)   3.0±2.1                                                                               3.1±1.8   

Values are presented as mean±2 standard deviation.

p\<0.05.

###### 

Correlation between pin-prick and light touch sense and diaphragm movement during deep breathing

                    Diaphragm movement (cm)                                                                         
  ----------------- ------------------------- ----------------------------------------------------------- --------- -----------------------------------------------------------
  Pin-prick                                                                                                         
   C3 sensory                                 0.034^[\*](#tfn4-arm-2018-42-3-457){ref-type="table-fn"}^             0.654
    2 (n=57)        4.7±2.4                                                                               4.4±2.1   
    0 or 1 (n=10)   2.4±1.6                                                                               3.9±1.7   
   C4 sensory                                 0.001^[\*](#tfn4-arm-2018-42-3-457){ref-type="table-fn"}^             0.044^[\*](#tfn4-arm-2018-42-3-457){ref-type="table-fn"}^
    2 (n=44)        5.3±2.4                                                                               4.8±2.0   
    0 or 1 (n=23)   2.9±1.5                                                                               3.3±1.6   
  Light touch                                                                                                       
   C4 sensory                                 0.011^[\*](#tfn4-arm-2018-42-3-457){ref-type="table-fn"}^             0.234
    2 (n=46)        5.0±2.4                                                                               4.6±2.1   
    0 or 1 (n=21)   3.1±1.8                                                                               3.5±1.6   

Values are presented as mean±2 standard deviation.

p\<0.05.
